M11L, a 166-amino-acid antiapoptotic protein of myxoma virus, was previously shown to bind to the peripheral benzodiazepine receptor by hydrophobic interactions at the outer mitochondrial membrane. Here we demonstrate that an additional property of M11L is the ability to constitutively form inhibitory complexes with the proapoptotic Bcl-2 family member Bak in human cells. This binding interaction was identified by both FLAG-tagged pull-down assays and tandem affinity purification from transfected and virus-infected human cells. M11L binds constitutively to human Bak and, under some inducible conditions, to human Bax as well, but not to the other Bcl-2 family members (Bad, Bid, Bcl-2). When stably expressed in human embryonic kidney (HEK293) cells, M11L effectively protects these cells from Fas ligand-induced apoptosis, thereby blocking release of cytochrome c, activation of caspase 9, and cleavage of poly(ADP-ribose) polymerase. We also demonstrate in coexpression studies that M11L can interact with Bak independently of any involvement with Bax. Furthermore, cells stably expressing M11L function to prevent apoptosis that is induced by overexpression of Bak. We conclude that M11L inhibits, in a species-independent fashion, apoptotic signals mediated by activation of Bak.
Apoptosis is a controlled cell death program that is designed to eliminate unwanted cells, including those that are virus infected (1, 22, 30) . Viruses, in turn, often need to prevent or delay cellular apoptosis following infection and thereby safeguard their continued propagation (4, 6) . Myxoma virus, a member of the Leporipoxvirus genus of poxviruses, is the etiologic agent that causes myxomatosis in European rabbits (Oryctolagus cuniculus) (17, 28) . Like all poxviruses, myxoma virus encodes multiple proteins that function to disrupt various classes of apoptotic signals (16, 47) . The antiapoptotic factors M-T2, M-T4, M-T5, and M11L have been described previously; to date, however, investigation of their role in preventing apoptosis has been limited to myxoma virus-infected rabbit cells (3, 16) . The virulence factor M11L specifically acts to prevent cell death signals that are transduced via mitochondria (14, 15) . Mitochondria are key coordinating centers for specific classes of intrinsic and extrinsic apoptotic signals and undergo marked morphological and biochemical changes during cell death (36) . One of these mitochondrial changes is the redistribution of proapoptotic proteins from the mitochondrial intermembrane space into the cytosol. This redistribution affects the key apoptotic regulator cytochrome c, which acts as a cofactor in activation of caspase 9 within apoptosomes (36, 45) .
Another notable physiological alteration is manifested by dissipation of the mitochondrial membrane potential (MMP) normally maintained across the mitochondrial inner membrane (55) . It has been shown previously that M11L can prevent both cytochrome c redistribution and MMP loss following apoptosis induction (14, 15) . M11L has been shown by cross-linking studies to form inhibitory complexes with the peripheral benzodiazepine receptor (PBR) component of the permeability transition port (PTP) complex that spans the inner and outer mitochondrial membranes (15) . M11L expression could specifically block apoptosis induced by ligands of PBR, and furthermore, M11L could also provide some measure of protection against MMP loss in PBR-deficient cells (15) . This raised the possibility that M11L has additional modes of action, in addition to binding and inhibiting PBR, that might regulate the mitochondrion-dependent apoptosis pathway.
The Bcl-2 family of proteins are important regulators of mitochondrially mediated cell death and are identified by the presence of at least one of four characterized Bcl-2 homology (BH) domains (5, 9) . This family can be divided functionally into two groups with opposing activities: the antiapoptotic proteins, such as Bcl-2 and Bcl-x L , and the proapoptotic proteins, which can be further subdivided into the Bax subfamily, including Bax and Bak, and the BH3-only family, including Bid and Bad. Bak and Bax play a central role in the mitochondriondependent cell death pathway (13, 53) . The target of the Bcl-2 family of regulators appears to be centered on mitochondria, because many cell death stimuli, such as signaling by the tumor necrosis factor receptor/Fas death receptors, converge on this organelle (36, 41, 54) . The precise mechanistic role of these Bcl-2 family proteins in the regulation of apoptotic signals is still controversial.
Interestingly, many viruses encode Bcl-2 homologs that are thought to function as Bcl-2 family mimics and prevent mitochondrion-mediated cell death by sequestering host Bcl-2 family members (6, 11, 22) . For example, the BHRF-1 protein of Epstein-Barr virus protects cells from a variety of proapoptotic stimuli through heterodimerization with Bcl-2 and Bak (11, 34) or by preventing the disruption of mitochondrial integrity (12) . Similarly, E1B 19K of adenovirus (49) , another Bcl-2 homolog, interacts with Bax and Bak (11) and blocks Bax and Bak oligomerization (50) so as to inhibit downstream apoptotic events (39) . In addition, other viral proteins with no obvious homology to members of the Bcl-2 family, such as vMIA of human cytomegalovirus, prevent apoptosis at the mitochondrial checkpoint through physical interaction with the adenine nucleotide transporter subunit of the PTP complex (19) . Recently, a new poxvirus antiapoptotic protein has been identified in vaccinia virus (52) . Like M11L, vvF1L localizes to other mitochondria and inhibits the loss of the inner MMP and the release of cytochrome c.
In this paper, we demonstrate that the antiapoptotic protein M11L, a protein known to bind and inhibit the PBR at the outer mitochondrial membrane (15) , is also able to interact with Bak, an important proapoptotic Bcl-2 family member, and block Bak-mediated apoptosis. We propose that both of these binding interactions contribute to the antiapoptotic function of M11L and that the inhibitory mechanism of M11L for the PBR and Bak is conserved across species barriers.
MATERIALS AND METHODS

Viruses and cells.
Recombinant viruses used in this study have been described previously and include vMyxlac, a control myxoma virus that expresses wild-type M11L, and vMyxM11LKO, which fails to express M11L due to a targeted gene disruption within open reading frame (ORF) M011L (38) . Other myxoma knockout viruses described previously and used in this study include vMyxM-T2KO (44), vMyxM-T4KO (2), and vMyxM-T5KO (33) . Infections were carried out at a multiplicity of infection (MOI) of 5. The Bax-deficient DU145 prostate cancer cells were provided by B. Li (University of Kansas). These cells, along with HEK293T, Cos-7, RK13, and human osteosarcoma (HOS) cells, were maintained in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (FBS). HEK293 epithelial cells (a gift of Y. Ma, Kyoto University) were grown in RPMI 1640 supplemented with 10% FBS.
Plasmids. M11L was amplified from myxoma virus genomic DNA (7) by PCR and then cloned into various expression vectors, including pcDNA3 (Invitrogen, San Diego, Calif.), pcDNA3HA (a gift of Jin Q. Cheng, University of South Florida), pFlag-CMV2 (Kodak), pIRESneo2, pEGFP-C1, and pDsRed2-C1 (BD Biosciences, San Jose, Calif.). Constructs containing M11L were designated pcDNA3-M11L, pcDNA3HA-M11L, pFlag-CMV2-M11L, pIRESneo2-M11L, pEGFP-M11L, and pDsRed2-M11L, respectively. Human Bak, amplified from HEK293T cDNA by reverse transcription-PCR (RT-PCR), was cloned into the following vectors: pcDNA3, pcDNA3HA, and pEGFP-C1. The resulting constructs were designated pcDNA3-huBak, pcDNA3HA-huBak, and EGFP-huBak (see Fig. 2A ).
Antibodies and reagents. The following rabbit polyclonal antibodies were used: anti-M11L (38); anti-Bak NT (directed against amino acids 23 to 37 of human Bak) and anti-Bax NT (directed against amino acids 1 to 21 of human Bax) (both from Upstate Biotechnology, Lake Placid, N.Y.); anti-Bad (H-168; directed against amino acids 1 to 168 of human Bad); and anti-Bid (C-20; directed against the carboxy terminus of human Bid). We also used a rabbit anti-Bid polyclonal antibody that recognized full-length and cleaved human and mouse Bid (BD PharMingen, San Diego, Calif.). An anti-caspase 3 polyclonal antibody was used to detect endogenous full-length caspase 3 (35 kDa) as well as the cleaved fragments (19 and 17 kDa) (Cell Signaling Technology, Beverly, Mass.). Anti-actin (C-11) was a goat polyclonal antibody directed against the carboxy terminus of actin of human origin (identical to the corresponding mouse sequence) (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.). A rabbit peroxidase-anti-peroxidase antiserum (anti-PAP; Sigma) recognizing the protein A sequence of the tandem affinity purification (TAP) tag was utilized for monitoring TAP tag expression. The anti-M11L antibody was previously described (20) . Mouse monoclonal antibodies against Bcl-2 (Santa Cruz) and against a peptide epitope derived from the hemagglutinin (HA) protein of human influenza virus (clone 12CA5) (Roche) were also used. A purified mouse anti-human caspase 9 antibody was employed to detect the 47-kDa proform and the 37-kDa cleaved form of human caspase 9 (BD PharMingen). For poly(ADP-ribose) polymerase (PARP) cleavage analysis, we employed two monoclonal antibodies. A mouse monoclonal PARP antibody (clone 4C10-5; Santa Cruz) directed against the human DNA binding domain was used to identify PARP cleavage. A mouse monoclonal cytochrome c antibody (clone 7H8.2C12) directed against amino acids 93 to 104 of pigeon cytochrome c (BD PharMingen) was used to monitor cytochrome c release. A mouse monoclonal antibody against cytochrome oxidase subunit IV (COX IV; Molecular Probes, Eugene, Oreg.) was used to confirm loading controls for the cytochrome c cleavage assay. Horseradish peroxidasecoupled goat anti-mouse and goat anti-rabbit secondary antibodies were obtained from Jackson Immunoresearch (West Grove, Pa.). CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} was obtained from Calbiochem (San Diego, Calif.). A complete protease inhibitor cocktail (Roche) was included in all lysis buffers. Trypan blue (0.4%) solution, used to determine cell death numbers, was purchased from Sigma.
Immunoprecipitation of Flag-M11L and identification of interacting proteins by mass spectrometry. Transfection of HEK293T cells and identification of M11L and interacting proteins were performed as described elsewhere (18 40 , 0.5% sodium deoxycholate, 0.2 mM phenylmethylsulfonyl fluoride, 1.5 g of aprotinin/ml, 1 g of leupeptin/ml, 2 M pepstatin). The lysate was clarified by centrifugation at 20,000 ϫ g, precleared with Sepharose 4B (10 l [packed volume]/ml of lysate; Sigma-Aldrich), and incubated with M2-Flag agarose (1 l [packed volume]/ml of lysate; SigmaAldrich). The beads were washed three times with KLB lysis buffer and then eluted with 400 M Flag peptide in 50 mM ammonium bicarbonate. The eluant was lyophilized and then resuspended in 1ϫ sodium dodecyl sulfate (SDS) sample buffer. The proteins were resolved on a 4 to 15% Tris-HCl gradient gel (Bio-Rad) and then stained with colloidal Coomassie blue (Gel-Code Blue; Pierce). Bands were excised from the gel and subjected to in-gel digestion (18) . Mass spectrometry was carried out on a quadrapole time-of-flight hybrid mass spectrometer (SCIEX QSTAR) equipped with a nanospray ion source.
Construction of TAP tag vectors and TAP-tagged protein purification. The Cand N-terminal TAP dual epitope tags (40) were provided under a material transfer agreement by J. Walkenhorst (Cellzome GmbH and European Molecular Biology Laboratory). C-TAP and N-TAP cassettes were subcloned into pcDNA3, resulting in the pcDNA3.6 C-TAP and pcDNA3.4 N-TAP fusion vectors, respectively, which were used for further subcloning of M11L and human Bak (M11L-C-TAP, N-TAP-M11L, and N-TAP-huBak, respectively). Logarithmic-phase 293T cells were seeded in 100-mm-diameter tissue culture dishes (5 ϫ 10 6 cells/dish) in fresh medium the day before transfection. Cells were transiently transfected or cotransfected with 20 g of each of the expression plasmids by using a calcium phosphate mammalian transfection kit (BD Clontech) according to the manufacturer's recommended procedure. Cells expressing the TAPtagged M11L protein or pcDNA3-M11L plus N-TAP-huBak were lysed 24 h after transfection in cell lysis buffer (50 mM Tris-HCl [pH 8.0], 137 mM NaCl, 2% CHAPS) supplemented with a protease inhibitor cocktail. Following centrifugation at 14,000 ϫ g for 30 min at 4°C, the supernatant was recovered and added to rabbit immunoglobulin G (IgG) agarose beads (Sigma), which were then rotated for 2 h at 4°C to allow the binding of the fusion protein. 8 .0], 137 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 0.5% CHAPS, 0.5% sodium deoxycholate, and cocktail inhibitors). The complexes were resolved by SDS-PAGE and then analyzed by Western blotting with the appropriate antibodies.
Stable expression of M11L in HEK293 cells. Control pIRESneo2 and pIRESneo2M11L constructs were transiently transfected into HEK293 cells by using LipofectAMINE 2000 reagent (Invitrogen). Transfected cells were passaged into fresh culture medium 1 day after the start of transfection, and at 2 days, various amounts of Geneticin (G418; 200 to 1,000 g/ml; Invitrogen) were added to select for expression of the transfected antibiotic-resistant gene. Several weeks of selection were required for stable expression. HEK293 cells stably expressing M11L and the neomycin empty vector were designated HEKM11L and HEKneo, respectively, and were grown in RPMI 1640 supplemented with 10% FBS and 500 g of G418/ml. RT-PCR and immunoprecipitation verified the stable incorporation and expression of M11L and neomycin resistance. Subcellular fractionation. Both the cytosolic fraction and the heavy membrane (HM) fraction, which included the mitochondria, were isolated at 4°C by using an established protocol (24) with some modifications. Briefly, cells were washed twice in PBS buffer, resuspended in a hypotonic buffer containing 20 mM HEPES-KOH (pH 7.5), 1.5 mM MgCl 2 , 5 mM KCl, 1 mM dithiothreitol, and a cocktail of protease inhibitors, and incubated on ice for 10 min. The cells were sheared four times through a 30-gauge 1/2-in. needle fitted on a 1-ml syringe, and the lysate was centrifuged at 1,000 ϫ g for 10 min. The supernatant was collected and centrifuged again under the same conditions. The resulting supernatant was then centrifuged at 14,000 ϫ g for 30 min, followed by collection of both the supernatant and pellet fractions. The pellet was washed twice with a buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl [pH 7.5], 1 mM EDTA, and a protease inhibitor cocktail). The pellet was resuspended in a lysis buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 150 mM NaCl, and 0.5% NP-40, supplemented with a cocktail of protease inhibitors), and this represented the HM fraction including the mitochondria. The supernatant was further ultracentrifuged at 100,000 ϫ g for 30 min, and the resulting supernatant was collected as the cytosolic fraction. To prepare a whole-cell extract, cells were lysed in the lysis buffer, and the lysate was centrifuged at 14,000 ϫ g for 30 min. The supernatant was collected as the whole-cell lysate. Twenty micrograms of protein from the HM or cytosolic fraction was resolved by SDS-PAGE and blotted for cytochrome c release.
Induction and measurement of apoptosis. HOS cells were infected with various myxoma virus knockouts, including vMyxM11LKO, vMyxM-T2KO, vMyxM-T4KO, and vMyxM-T5KO, at an MOI of 5. The percentage of dead cells was determined by a trypan blue exclusion assay as described by the manufacturer. Briefly, cells were incubated with 0.2% trypan blue dye for 5 min at room temperature and were then counted on a hemocytometer under a low-power microscope. The percentage of cell death was calculated as the number of dead cells (dye stained) divided by the total number of cells. Three hundred cells were counted for each infection time point. Four replicates were performed for each time point. Trypan blue exclusion was also used to monitor apoptosis induction with Fas ligand (FasL) in HEKM11L and HEKneo cells as a measure of protection. Data were expressed as means Ϯ standard errors of the means. Statistical evaluation was performed by using the Student t test (P Ͻ 0.01).
HEKneo and HEKM11L cells were either left untreated or treated with cells) or with the pcDNA3HA vector alone (2.0 g). Apoptosis was determined 24 h posttransfection. Apoptotic cells were determined by flow cytometric analysis. Briefly, cells were washed twice with cold PBS and then resuspended in 1ϫ binding buffer containing 10 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl 2 at a concentration of 10 6 cells/ml. One hundred microliters of the suspension (10 5 cells) was taken, mixed with 5 l of fluorescein isothiocyanateconjugated annexin V and 10 l of propidium iodide (PI) (BD PharMingen), and incubated for 15 min at room temperature in the dark. Binding buffer (1ϫ) was added to each tube (400 l) and analyzed with a FACScan (BD Biosciences) within 60 min. Activation of caspase 3 and cleavage of Bid and PARP were also used as measures of apoptosis. Each time point represents the mean percent apoptosis Ϯ the standard error of the mean from three independent experiments.
RESULTS
Myxoma virus infection blocks apoptosis in productively infected human cells. Previous work has demonstrated that multiple myxoma virus proteins block virus-induced apoptosis in rabbit RL-5 CD4
ϩ lymphocytes (16) . Infection of RL-5 cells, but not rabbit fibroblasts, with deletion mutants of M-T2, M-T4, M-T5, or M11L resulted in apoptosis and aborted virus replication (2, 31, 33) . To evaluate these inhibitor proteins in human cells, we tested the abilities of these knockout constructs to replicate in activated HOS cells, which are permissive for myxoma virus replication. The most dramatic phenotype was observed by trypan blue staining in HOS cells infected with vMyxM11LKO (Fig. 1A) . The absence of M11L resulted in an increase in cell death, starting between 8 and 12 h postinfection and increasing dramatically over time until 48 h postinfection, when approximately 76% of HOS cells were unable to exclude trypan blue (Fig. 1A) . In contrast, wild-type virus or constructs with targeted deletions of M-T2, M-T4, or M-T5 did not result in a significant increase in this parameter of cell death.
To further characterize this virus-induced death, we examined two classic markers of apoptosis. During early stages of apoptosis, activated caspases cleave a variety of cellular substrates, including PARP. PARP is a 116-kDa molecule involved in DNA repair and other cellular events, and it is frequently cleaved to a characteristic 85-kDa fragment. To establish the cause of the cell death observed in HOS cells infected with vMyxM11LKO, we probed with anti-PARP at 12 and 24 h postinfection. Although infection of HOS cells with the parental virus, vMyxlac, resulted in only minimal levels of PARP cleavage that ware indistinguishable from those in uninfected cells, infection with vMyxM11LKO was sufficient to induce significant PARP cleavage at 12 h postinfection (Fig.  1B ). Furthermore, we tested for cleavage by the initiator caspase 3 during a time course infection. The presence of cleaved caspase 3, first detectable between 8 and 12 h postinfection (Fig. 1C) , confirms that infection of HOS cells with myxoma virus lacking M11L is sufficient to induce apoptosis through a caspase-dependent pathway. Cleaved caspase 3 was detected at 48 h postinfection in the M-T2, M-T4, and M-T5 knockout viruses (data not shown) at levels similar to those (Fig. 1C) . To examine the consequences for productive virus replication, we first examined focus formation of the parental virus vMyxlac and of vMyxM11LKO on HOS cells (Fig. 1D) . Replication of vMyxlac in HOS cells appears to be similar to that observed in the control rabbit kidney (RK13) cells, based on the morphology of focus formation (Fig. 1D) . The focus formation of vMyxM11LKO on RK13 cells appears more compact, for unknown reasons; however, single-step growth curves confirm that the loss of M11L does not result in a significant difference in the ability of the virus to replicate in either RK13 or HOS cells (Fig. 1D) . viously in rabbit T lymphocytes and monocytes (14, 31) , and loss of M11L results in a profound reduction of virulence in European rabbits (38) . More recently, it has been demonstrated that M11L localizes to mitochondria and that the antiapoptotic properties of M11L are directed at the mitochondrial checkpoint (14, 15) . Specifically, the PBR component of the PTP complex was identified by cross-linking under hydrophobic conditions, and in vivo inhibition assays demonstrated that the PBR was a biologically functional target for M11L inhibition (15) . Importantly, it was also demonstrated that M11L, unlike Bcl-2, blocks cell death signals that are relayed by ligands that specifically interact with the PBR (15) 
M11L pull-down experiments identify Bak as a specific binding partner. In pilot experiments, an N-terminally Flagtagged M11L construct ( Fig. 2A ) was used to screen for binding partners to M11L via pull-down assays in transiently transfected 293T cells. Several putative partners were identified by mass spectrometry (Fig. 2B) , and the most frequent (Ͼ60% of all transfections) pull-down partner detected was cellular Bak (Fig. 2C and D) . However, Bax␤, another member of the Bcl-2 family, was also detected in a minority (15%) of these isolations. Because of the identified role of M11L as an inhibitor of apoptosis (14, 15, 31) and the established proapoptotic roles of Bak and Bax, we initially set out to confirm and then characterize these possible interactions. Therefore, we used the TAP system, originally designed for yeast (40) , and constructed TAP-tagged expression vectors suitable for identifying interactions between poxvirus and host proteins. Two TAP-based fusion expression vectors were constructed and designated pcDNA3.6 C-TAP (C-terminal tag) and pcDNA3.4 N-TAP (N-terminal tag). We cloned M11L into these two vectors to generate constructs designated N-TAP-M11L and M11L-C-TAP in order to allow the expression of M11L with either an N-terminal or a C-terminal TAP tag appended ( Fig. 2A) . We then used the TAP method (Fig. 3A) to isolate M11L-associated proteins in transiently transfected 293T cells and confirmed that Bak routinely copurified with either N-TAP-M11L (data not shown) or M11L-C-TAP (Fig. 3B) . Controls showing expression of the intact 34-kDa M11L-C-TAP fusion protein prior to the TAP procedure and recovery of the 17-kDa TEVcleaved M11L after TAP are shown in Fig. 3C and D, respectively.
Depending on the precise lysis conditions, we also occasionally (in 25% of the transfections) identified Bax (21 kDa) as a binding partner for M11L-C-TAP (data not shown). Although we tested for M11L-Bax complexes in both transfected and myxoma virus-infected cells, the results were variable under our experimental conditions and suggested that M11L-Bax complexes could be inducibly formed, whereas M11L-Bak complexes were routinely copurified. In the original FLAG pull-downs, we had utilized a lysis buffer containing 1% NP-40 detergent during the extraction procedure. It has been noted that nonionic detergents such as NP-40 and Triton X-100 are able to induce dimerization and conformational changes of some Bcl-2 family members, which may cause artificial binding during cell lysis (25) . Therefore, for the TAP method, we performed the M11L binding partner analysis by utilizing a lysis buffer containing either 1% NP-40 or 2% CHAPS, a detergent that minimizes artificial oligomerization (25) . For lysis either with CHAPS (Fig. 3B) or with NP-40 (data not shown), endogenous cellular Bak was always found to copurify with either M11L-C-TAP or N-TAP-M11L, but not with the control TAP protein alone, suggesting that Bak interacted constitutively with TAP-tagged M11L.
We next analyzed whether, in addition to Bak, other Bcl-2 family proteins could be copurified with M11L by use of the TAP method following CHAPS lysis. Aside from the variable isolations of Bax with M11L, none of the other Bcl-2 family members tested, including Bad, Bid, and Bcl-2, were ever observed in the eluted purified product, although these endogenous proteins were routinely detectable in the cell lysates before purification (Fig. 3B) . These results showed that the TAP method is effective for identifying specific binding partners of M11L under isolation conditions that favor the detection of long-lived (Ͼ4 h) complexes following detergent extraction of proteins. The TAP method also has an experimental advantage over the FLAG method in that it routinely exhibits low nonspecific background, as assessed by silver staining (data not shown).
To confirm that the interaction also occurs between untagged M11L and Bak, we performed reciprocal pull-down assays using TAP-tagged Bak. Bak was expressed from the pcDNA N-TAP vector (N-TAP-huBak [ Fig. 2A] ) in transfected 293T cells. Following transfection with the N-TAP control vector alone (pcDNA3.4 N-TAP), pcDNA3-M11L alone, or pcDNA3.4 N-TAP-huBak and pcDNA3-M11L together, lysates were subjected to the TAP procedure. Eluted products were immunoblotted with an anti-M11L antibody, which confirmed that N-TAP-huBak associated with transfected M11L and that the two molecules copurified efficiently (Fig. 3E, lanes  1 and 2) . Expression of M11L (by using anti-M11L), N-TAP vector alone, and the N-TAP-huBak fusion protein (by using an anti-PAP antibody) was confirmed by immunoblotting of control cell lysates (Fig. 3E, lanes 3 and 4) .
Thus, we conclude that M11L constitutively associates with Bak (whether tagged with N-TAP, C-TAP, or N-Flag, or untagged) under all conditions tested, whereas M11L-Bax interactions could be detected only variably under certain conditions, such as following NP-40 lysis or transient overexpression of both M11L and Bax in transfected cells.
M11L constitutively binds to Bak in both transfected and virus-infected human cells. To address the question of whether M11L and huBak also interact in virus-infected cells, and whether this interaction requires other partners, we used several approaches. First, to confirm that native untagged M11L would complex with non-TAP-tagged Bak, cotransfection of pcDNA3-M11L (untagged) with pcDNA3HA-huBak ( Fig. 2A) was carried out in transfected 293T cells. Twenty-four hours following transfection, immune complexes were coprecipitated with antibodies against either M11L (anti-M11L) or HA-huBak (anti-HA) and detected with either anti-HA or anti-M11L, respectively. These reciprocal coimmunoprecipitations con- firmed that M11L and huBak complexes can be isolated following cotransfection and are precipitated with either anti-M11L or anti-HA Bak (Fig. 4A) .
To confirm the ability of M11L to interact with endogenous levels of untagged huBak following virus infection, we examined HOS cells following productive infection with myxoma virus strain vMyxlac (38) at an MOI of 10. Twelve hours postinfection, the cells were collected and lysed with 2% CHAPS buffer, and immune complexes were precipitated with an antiBak antibody. Immunoblotting with anti-M11L indicated that anti-Bak was able to coprecipitate native M11L from virusinfected human cells in vivo (Fig. 4B) .
As proapoptotic members of the Bcl-2 family, both Bak and Bax play a significant role in the regulation of mitochondrionmediated apoptosis. Although the essential biological functions of Bak and Bax are similar and appear to be at least partly redundant (53) , Bak and Bax may also function independently or in a cooperative manner (8, 32, 49 (Fig. 4C) .
Direct interaction between M11L and Bak proteins was demonstrated by using an in vitro binding assay in which translated huBak (unlabeled) and 35 S-labeled M11L were mixed and incubated at 4°C for 2 h, and then Bak was immunoprecipitated with anti-huBak-protein A beads. 35 S-labeled M11L clearly coprecipitated with Bak and was detected in the immunoprecipitate by autoradiography (Fig. 4D) , indicating that the M11L-Bak complex detected in vivo could also be reproduced in vitro.
Bak localizes predominantly in the mitochondria (10, 21, 35) , although it has recently been demonstrated that a small proportion of Bak and other Bcl-2 family members can also regulate apoptosis from the endoplasmic reticulum (37, 46) . M11L has previously been localized to the mitochondria in both transfected and virus-infected cells (14) . When EGFP-M11L or DsRed2-huBak was individually transfected into Cos-7, each colocalized with Mitotracker, and when EGFPhuBak and DsRed2-M11L were cotransfected into Cos-7 cells, they were confirmed to colocalize, as indicated by consistent yellow staining in the merged images (data not shown). Taken together with the previous coimmunoprecipitation data, this localization pattern suggests that the M11L-Bak complex forms constitutively at the mitochondrial outer membrane, even in the absence of proapoptotic signals. M11L blocks FasL-induced apoptosis in stably expressing HEK293 cells. Previous research has shown that stable expression of M11L in Rat2 fibroblasts or HeLa cells could block induction of apoptosis by staurosporine and PBR ligands such as protoporphyrin IX (14, 15) . To confirm and extend these observations, a stable HEK293 epithelial cell line constitutively expressing M11L (HEKM11L) was constructed along with the neomycin control line (HEKneo). RNA analysis by RT-PCR (data not shown) and immunoprecipitation with anti-M11L (Fig. 5A ) confirmed constitutive expression of M11L in this cell line. FasL, a member of the tumor necrosis factor superfamily, can rapidly activate the caspase cascade in Fas receptor-expressing cells such as HEK293 (27, 29) . Both HEKneo and HEKM11L cells were treated with FasL (at 4 and 10 ng/ ml) to assess the antiapoptotic properties of M11L. As expected, FasL induced rapid cell death in the control HEKneo cells, whereas there was little or no increased cell death phenotype in the stably expressed M11L line (Fig. 5B) .
Control HEKneo cells induced with FasL underwent classic PARP cleavage, as expected (Fig. 5C ). In contrast, PARP cleavage was reduced to near-basal levels in HEKM11L cells induced with FasL. These results indicate that M11L blocks FasL-induced signaling prior to the release of cytochrome c from mitochondria and the subsequent activation of the downstream effector caspases that normally cleave PARP.
Cytochrome c is normally sequestered within the mitochondrial intermembrane space, but following the introduction of a death receptor-mitochondrion-dependent apoptotic stimulus such as Fas/FasL, a cascade of events occurs at the outer mitochondrial membrane, resulting in the rapid release of cytochrome c (4, 6) . The presence of cytochrome c in the cytosol is often used as a marker of loss of mitochondrial membrane integrity and an indicator that proapoptotic signaling has been amplified via the mitochondrial pathway. M11L expression in HEKM11L cells effectively reduced the redistribution of cytochrome c from the mitochondria to the cytosol induced by FasL (Fig. 5D) . In contrast, FasL-treated control cells (HEKneo) were subject to extensive release of cytochrome c into the cytosol fraction.
Following an apoptotic stimulus, cytochrome c is released from the mitochondria and activates the apoptasome, resulting in cleavage of pro-caspase 9 into its processed active subunit (35 or 17 kDa). Treatment of HEKneo and HEKM11L cells with FasL (10 ng/ml) resulted in a decrease in pro-caspase 9 levels in HEKneo cells, but the same decrease was not observed in treated HEKM11L cells (Fig. 5E) , suggesting that In order to demonstrate that M11L functions to block Bakmediated apoptosis through its interaction with Bak, we chose a direct approach using HEKM11L cells transfected with an HA Bak plasmid as the proapoptotic stimulus. Stable expression of M11L dramatically protected HEK293 cells from Bakinduced apoptosis, as monitored by annexin V staining 24 h posttransfection, relative to control cells (Fig. 6A) . The percentage of control cells killed by Bak-induced apoptosis increased until it reached a plateau at 1.0 g of transfected plasmid DNA per 10 6 cells. In contrast, transfection of Bak plasmid DNA had no measurable effect on HEKM11L cells at any concentration tested (Fig. 6A) .
To dissect the ability of M11L to functionally protect against Bak-induced apoptosis, we examined a series of cellular markers. Both Bid and caspase 3 exhibited signs of cleavage following Bak overexpression in control HEKneo cells (Fig. 6B) . There was also a decrease in the amount of full-length Bid in HEKneo cells; however, the steady-state level of full-length Bid appeared unchanged with increasing levels of transfected Bak in HEKM11L cells. The cleavage of both caspase 3 and PARP was also induced in a Bak-concentration-dependent manner only in transfected HEKneo cells, not in HEKM11L cells (Fig. 6B) .
DISCUSSION
In this paper, we propose an expanded, antiapoptotic role for M11L above and beyond its previously documented role as an inhibitor of the PBR (15) , as demonstrated through its interaction with Bak in human cells. Many of the myxoma virus antiapoptotic factors were first discovered to function specifically in rabbit leukocytes (47) . Here we show that at least one of these viral proteins, M11L, can also act in human tumor cells to prevent apoptosis via the mitochondrial pathway. In this study we demonstrate that M11L constitutively binds to proapoptotic Bak in both transfected and virus-infected human cells.
Apoptosis represents an important innate cellular mechanism for curtailing virus infection, and many viruses have, in turn, developed strategies for inhibiting or delaying this cellular response (4) . In particular, the existence of many diverse classes of poxvirus antiapoptotic proteins suggests that manipulating apoptotic cascades at multiple points is an important survival strategy for these viruses (47) . Evidence is accumulating to suggest that mitochondria act to amplify and coordinate diverse cell death signals, and many viruses have focused on this particular checkpoint in order to modulate cell death (6, 19) . Some of these viral mitochondrially targeted proteins are Bcl-2 homologs and are thought to antagonize the effects of cellular proapoptotic Bcl-2 family proteins (11) . Previously, by use of a cross-linking technique that favors the identification of hydrophobic interactions, it had been shown that M11L forms inhibitory complexes with the PBR (15) . To investigate the possibility that M11L might also target the Bcl-2 family in a nonhydrophobic fashion, Flag-tagged M11L was used in a pulldown assay that favors hydrophilic interactions, and several putative cellular binding partners were visualized on silverstained SDS-PAGE gels and identified by mass spectrometry. The binding partner that most commonly copurified with M11L was identified as Bak. With this preliminary information, we then exploited the TAP method, which is associated with high purity of isolated complexes (40) , to confirm and extend these observations. The M11L-TAP binding partners purified by this method were probed with antibodies directed against various members of the Bcl-2 family to show that Bak consistently copurified as a constitutive complex with M11L (Fig. 3) . Interestingly, Bax was also observed to occasionally enter into complexes with M11L, but this interaction was dependent on experimental conditions (e.g., overexpression of both M11L and Bax). At present, we favor the model that Bak is a constitutive binding partner of M11L, whereas Bax might inducibly enter into inhibitory complexes under certain conditions that remain to be better defined.
The present study using Flag-or TAP-tagged M11L vectors required an initial detergent lysis step (with NP-40 or CHAPS) to optimize hydrophilic interactions that require short domains. This experimental approach therefore complemented the previous cross-linking method that detected the PBR and revealed that M11L can bind constitutively to Bak and, depending on isolation conditions, inducibly to Bax. Interestingly, the hydrophobic cross-linking approach used to identify the PBR as a binding partner for M11L did not identify either Bak or Bax, whereas the hydrophilic pull-downs reported here did not reveal the PBR. This serves to emphasize the importance of exploiting multiple technologies to characterize proteomic interactions of complex viral inhibitors such as M11L.
A human cell line deficient in Bax expression was employed to examine the functional consequence of M11L-Bak interaction in the absence of Bax. Because Bak resides predominantly in the outer membrane of the mitochondria (5) and M11L is also targeted to the PTP complex of the mitochondria (14), we employed fluorescence microscopy to confirm that M11L indeed colocalizes with Bak at the mitochondria (data not shown). Importantly, functional assays show that stably expressed M11L can block FasL-induced apoptosis in M11L-expressing HEK293 cells as needed by PARP cleavage, cytochrome c release, and activation of caspase 9 (Fig. 5) .
We were unable to detect M11L binding directly to Bid (Fig.  3B ), but we did observe that HEKM11L cells transfected with increasing concentrations of Bak were protected against the Bid cleavage observed in HEKneo control cells (Fig. 6B) . We interpret this observation to indicate that M11L prevents Baktriggered Bid cleavage by directly binding and sequestering Bak, but we cannot rule out the possibility that M11L might inactivate both Bak and Bax under these conditions. It is also not known whether M11L might block the translocation of Bid or prevent Bid-mediated conformational changes of Bak and/or Bax as an inhibitory complex of the mitochondria. Mechanistically, the expression of M11L does not affect the level of endogenous Bak protein (data not shown) and therefore does not enhance the degradation of this protein, in contrast to the Bak degradation induced by the E6 protein from human papillomavirus (26) . Our results thus indicate that M11L prevents cell death downstream of Bid cleavage but upstream of mitochondrial cytochrome c release. M11L clearly is capable of interacting with Bak independently of Bax. An in vitro binding assay also indicated that M11L and Bak can form complexes in the absence of other Bcl-2 family members (Fig. 4D) . We postulate that M11L blocks cytochrome c release from mitochondria through the constitutive interaction with Bak, but we cannot rule out the possibility that under certain circumstances M11L forms inhibitory complexes with Bax.
Sequence comparisons between M11L and Bcl-2 family members suggest that there is a putative conserved BH3-like domain in M11L (Fig. 7) , but whether this is the region of Bak binding is not known. Notably, at least two of the conserved residues (Bak Leu 78 and Asp 83 ) in the Bcl-2 family have been shown to be required for heterodimerization with Bcl-x L (42) . Whether this strict conservation of critical residues is necessary for M11L structure, and thereby for M11L function as an inhibitor of apoptosis, is not clear. Previous analysis of the M11L protein sequence indicates that the charge distribution of the 26-amino-acid transmembrane domain shares some similarity with the Bcl-2 signal anchor sequence and is required for targeting to mitochondria (14) . Taken together, the nature of M11L domains that interact with either the PBR or Bak needs to be clarified, but analysis of this interaction and structure may well shed light on a possible functional linkage between the PBR and Bak.
In conclusion, we demonstrate that M11L blocks diverse mitochondrial cell death signals through constitutive physical interaction with Bak. Our results indicate that M11L, like Bcl-2, interacts with multiple binding partners (including the PBR) that contribute to its antiapoptotic properties. The exact mechanism by which M11L functions as a modulator of the PBR, Bak, and possibly Bax under certain inducible conditions remains to be deduced.
